ABSTRACT CRISPR (Clustered Regularly-Interspaced Short Palindromic Repeats)-Cas9 (CRISPR associated protein 9) has rapidly become the most promising genome editing tool with great potential to revolutionize medicine. Through guidance of a 20 nucleotide RNA (gRNA), CRISPR-Cas9 finds and cuts target protospacer DNA precisely 3 base pairs upstream of a PAM (Protospacer Adjacent Motif). The broken DNA ends are repaired by either NHEJ (Non-Homologous End Joining) resulting in small indels, or by HDR (Homology Directed Repair) for precise gene or nucleotide replacement. Theoretically, CRISPR-Cas9 could be used to modify any genomic sequences, thereby providing a simple, easy, and cost effective means of genome wide gene editing. However, the off-target activity of CRISPR-Cas9 that cuts DNA sites with imperfect matches with gRNA have been of significant concern because clinical applications require 100% accuracy. Additionally, CRISPR-Cas9 has unpredictable efficiency among different DNA target sites and the PAM requirements greatly restrict its genome editing frequency. A large number of efforts have been made to address these impeding issues, but much more is needed to fully realize the medical potential of CRISPR-Cas9. In this article, we summarize the existing problems and current advances of the CRISPR-Cas9 technology and provide perspectives for the ultimate perfection of Cas9-mediated genome editing.
Introduction
The gRNA-directed CRISPR-Cas9 nuclease technology has been a long awaited tool for manipulation of genomes at will. The successful application of this technology in a wide range of biological systems from yeast, worm, insect, plant, and mammals from rodent to monkey has made it the most popular genome editing technology in history. [1] [2] [3] [4] [5] [6] [7] [8] Additionally, the inactive form of CRISPR-Cas9 (dCas9) has been used in gene expression profiling and genome wide gene screening. [8] [9] [10] The applicability of the CRISPR-Cas9 technology in stem cells, induced pluripotent stem cells and somatic tissues of humans forecasts its revolutionary potentials in medicine. [10] [11] [12] [13] [14] [15] [16] However, the great promises of the CRISPR-Cas9 technology are paired with serious concerns about off-target activities, variations in efficacy, and limited genome coverage due to PAM restriction. [17] [18] [19] [20] [21] The imperfection of the CRISPR-Cas9 technology is primarily due to its functional mechanism that completely depends on a short nucleotide gRNA and PAM as well as its compromising feature permitting cutting of protospacer DNAs with nucleotide mismatches to the corresponding gRNAs. The off-target activity is especially of great concern in medicine where it could produce unwanted and potentially pathologic consequences. Significant advances have been made to address these issues by crystallization of the CRISPR-Cas9-gRNA-protospacer DNA complex at different stages to illustrate its mechanistic details in target DNA binding and interrogation, which has helped facilitate the rational design of better versions of CRISPR-Cas9. [22] [23] [24] [25] [26] [27] [28] Efforts on other frontlines have also been made by developing better bioinformatics tools for gRNA design and selection, 20, 29 varying gRNA lengths, 30, 31 and using inducible CRISPR-Cas9 8, 32 as well as applying the CRISPRCas9 protein-gRNA complex directly. 32 PAM alterations were also generated to broaden the genome coverage for different CRISPR-Cas9s. [33] [34] [35] Pre-screening of gRNAs using different fluorescent reporters and T-7 endonuclease sensitivity assays in prior experiments have been successfully used to increase the specificity and efficacy of candidate target DNA sites. [36] [37] [38] [39] Nevertheless the focus of current studies, namely the development of a "super" variant of CRISPR-Cas9 with optimal specificity and efficiency for all genomic target DNA sites, is highly desirable but might not be achievable because of the great variations of genomic compositions and context among the target DNA sites. Therefore, a different strategy must be developed to address these issues. In this article, we will summarize the challenges and the most recent progresses in CRISPR-Cas9 technology as well as provide perspectives for potential future research directions to optimize genome editing through customizing CRISPR-Cas9 to the target protospacer DNA.
CRISPR-Cas9 is a finely tuned and safeguarded endonuclease CRISPR-Cas9 uses a 20 nucleotide gRNA as a guide to find the complementary protospacer DNA target in a genome where it cuts the double stranded DNA precisely 3 base pairs upstream of the PAM sequence, a process that requires CRISPR-Cas9 to undergo several complicated but finely-tuned conformational changes (Fig. 1A-C) . [23] [24] [25] 28, 40 The CRISPR-Cas9 directed genome editing starts from the binding of a sgRNA (single guide RNA) to the primary binding channel formed between the REC and NUC lobes as well as other associated domains (Fig. 1A) , which transforms the CRISPR-Cas9 from the inactive standby state to the active gRNA-directed target DNA search mode. Once the complementary target protospacer DNA is found, the CRISPR-Cas9-sgRNA complex binds to the protospacer DNA and with the help of the PI (PAM interacting) domain, the gRNA starts interrogating the double stranded DNA by base pairing with the target DNA strand from the PAM proximal position. The primary binding channel gradually adopts a new conformation to bind the gRNA-target DNA heteroduplex while the displaced non-target DNA strand is bound to the minor binding channel formed within the NUC lobe. 23, 40 As the base pairing process continues to the PAM distal end of the protospacer DNA, the HNH domain of CRISPR-Cas9 progressively makes about a 180 turn until it is perfectly positioned near the third nucleotide position of the target DNA strand proximal to the PAM. Meanwhile the RuvC-I domain is changed from the buried state to the exposed state and positioned at the same location of the non-target DNA strand just opposite to the HNH domain. Once both the HNH and RuvC-I domains are locked in the desired position, the nuclease activities of these 2 domains break both target and non-target strands of the DNA simultaneously, resulting in a so-called double strand DNA break (DSB). Thus, the CRISPR-Cas9 endonuclease activities are regulated at 3 levels: the first is the activation stage through the binding of sgRNA for target DNA searching and binding, which ensures CRISPR-Cas9 does not randomly bind DNA. The second is the repositioning of the HNH and RuvC-I nuclease domains to the expected position, which can only happen when the gRNA and target DNA heteroduplex is correctly formed to make sure only the selected DNA is targeted. The third is the DNA double strand cutting stage, which can only happen after the first and second stages are completed perfectly. This triple level secured activation mechanism of CRISPR-Cas9 nuclease activities guarantees that the sgRNA free CRISPR-Cas9 cannot bind DNA randomly and the DSB only occurs when the expected gRNA and target DNA heteroduplex is truly formed in order to prevent accidental cutting of unwanted off-target DNA.
The CRISPR-Cas9 promise
The greatest advantages of the CRISPR-Cas9 system are its simplicity and wide applicability in genome manipulations of almost all biological systems tested to date, including cell lines, stem cells, yeasts, worms, insects, rodents, and mammals. For a targetable DNA site, only a corresponding 20 nucleotide gRNA is needed to guide the CRISPR-Cas9 to cut the target DNA at the desired location. The repair of the broken DNA ends occurs either through NHEJ to generate indels, which has been used to generate random genomic mutations or through HDR in the presence of donor oligonucleotides or DNA fragments containing homologous sequences flanking the DSB sites to generate precise site-directed nucleotide or large gene replacements, leading to generation of targeted gene mutations or corrections. 41, 42 In addition to gene editing, dCas9 (dead Cas9) has been employed to manipulate whole genome gene expression profiles by either activating (CRISPRa) or inhibiting (CRISPRi) expression of 1 or more target genes simultaneously. [8] [9] [10] 43, 44 The dCas9 has also been successfully used in whole genome screening of genes associated with cholera toxin sensitivity and epigenetic modifications. 8 In order to study gene regulatory networks and genetic interactions scaffold RNAs (scRNAs) were developed to simultaneously activate or repress multiple genes in a single cell. 45 More recently developed is a split dCas9-regulator fusion protein system whose activities are either blue light or chemically inducible in order to achieve spatial and temporal controls of dCas9 activities. 8, 11, 13, 18, 46, 47 These progresses illustrate the invaluable potentials of the CRISPR-Cas9 endonuclease in both gene editing and regulation at both cellular and organismal levels. However the most exciting application of the CRISPR-Cas9 technology is its potential in the treatment of human diseases. It has been shown that CRISPR-Cas9-mediated gene editing can be used for correction of genetic mutations in animals to cure genetic diseases and has been piloted in treatment of cancers, HIV and others. [11] [12] [13] 18, 26, 30, 34, 47 There have been a growing number of preclinical trials targeting various human diseases even though it is currently still at an imperfect stage for clinical applications. 13 More recently, a high throughput platform (CombiGEM) for genome wide screening of genes and drugs against ovary cancer cell growth has been developed, 48 which is likely to facilitate gene and drug discoveries in other types of cancers as well.
Challenges and current solutions of the CRISPR-Cas9 technology

Off-target activity
Although the CRISPR-Cas9 technology has been successfully applied in gene editing and regulation in a wide range of biological systems, it still faces 3 inherent challenges before it could possibly be used in medicine. The foremost challenge is the off-target activity. Because the CRISPR-Cas9 DSB activity is modulated solely by a single 20 nucleotide gRNA and is tolerant to some base pair mismatches between gRNA and the target DNA, there is a possibility that it could cut at genomic locations only partially complementary to the gRNA. These off-target activities vary among different target DNA sites because of the variations of their nucleotide compositions and genomic context. This has been a serious concern because, for clinical applications, any off-target activity could cause undesirable consequences and is not acceptable. To address this problem, a number of methods have been proposed, from selection of gRNAs through various bioinformatics tools to using shorter gRNA, and inducible CRISPR-Cas9 as well as CRISPR-Cas9 protein directly. 12, 26, 30, 34 These efforts have had limited success because the target DNA sequences and genetic context are different for each DNA target. The resolution of the crystal structures of several CRISPR-Cas9s revealed the molecular interaction mechanisms between gRNA-guided CRISPR-Cas9 and its DNA targets. 17, 23, 24, 26, 28, 49 The interrogation of gRNA with the double stranded target DNA starts through the assistance of the PI domain of CRISPR-Cas9 while the continuation of the unwinding of the double strand protospacer DNA and formation of the gRNA-target DNA heteroduplex requires the assistance of the NUC lobe to pull away the non-target DNA from the gRNA-target DNA heteroduplex. It has been demonstrated that the pulling force of the NUC lobe is due to the positive electric cloud formed along the minor binding channel. Alterations of the positively charged amino acids that change the positive electric density along the minor binding channel of NUC lobe also changes CRISPR-Cas9 DSB specificity. The strong pulling force due to the more positively charged amino acids along the minor binding channel weakens the hydrogen bonds between the 2 strands of the protospacer DNA, making it easier for the gRNA to displace the non-target DNA strand in order to form the gRNA-target DNA strand heteroduplex. With a balanced pulling force from the minor binding channel of the NUC lobe, it would require a more perfectly matched gRNA to displace the non-target DNA strand to form a heteroduplex with the target DNA strand. If the pulling force is too strong, it would more likely produce off-target DSB activities; likewise if the pulling force is too weak, even the perfectly matched gRNA could not displace the non-target DNA strand and the DSB efficiency would be compromised. Illustration of gRNA-target DNA interaction mechanisms opens the door for the rational design of a new version of CRISPR-Cas9 with improved specificities as demonstrated by SpCas9-HF1(Cas9 from Streptococcus pyogenes) 21 and SpCas9 (1.0) and (1.1), 26 each with different combinations of amino acid alterations. Thus, systematically identifying amino acids responsible for each base pair position of the protospacer sequence would allow targeted engineering of the CRISPR-Cas9 tailored to each target DNA site.
PAM restrictions
The precision of the CRISPR-Cas9 DSB activity requires the presence of PAM that serves as an essential site for CRISPR-Cas9-sgRNA complex landing at the protospacer DNA and initiating the target DNA interrogation. CRISPR-Cas9s from different bacterial species have been found to have different PAMs with various lengths and nucleotide compositions. Each type of PAM determines the cutting frequencies of the CRISPR-Cas9 for a given genome. None of the PAMs identified so far or even a combination of all of the known PAMs could possibly cover any whole genome sequences, which would in some cases restrict the use of CRISPR-Cas9 technology. To relax such PAM limitations, progresses have been made to modify the CRISPR-Cas9 PAMs by either bacterial selectionbased directed evolution 33, 34 or through structure based rational design. Variants of the SpCas9 have been created to recognize different PAMs other than "NGG", including 1 variant recognizing a 2 nucleotide "YG" PAM. The 2 nucleotide PAM would significantly increase genome editing coverage and broaden sitespecific gene therapies. 24 However too many PAMs nested on a target DNA is found inhibitive to in vivo CRISPR-Cas9 activities. 50 The ideal strategy would be to customize a PAM sequence tailored only to the desired target DNA site through alteration of the responsible PAM interacting amino acids, which has been made possible by the identification of the amino acids responsible for PAM recognition in both SpCas9 and SaCas9 (Cas9 from Staphylococcus aureus) (Fig. 1B and C) .
Variations of efficiency
The efficiency of CRISPR-Cas9 directed DSB activities varies widely depending on the nucleotide compositions and genomic context of the target protospacer DNA sites as well as the sgRNA secondary structure. 17 Some gRNA sequence features have been identified to significantly affect the efficiency based on the analyses of more than 200 gRNAs. Although the general applicability of the discovery is waiting to be tested, it does highlight the significant role of gRNA nucleotide composition in efficiency. Similar results were also obtained in other independent studies, showing significant variations in efficiency between gRNAs targeting adjacent protospacer sites on the same plasmid. Unfortunately, until now, there was no reliable bioinformatics method to broadly predict the gRNA and CRISPR-Cas9 efficiencies at a target DNA site. Currently the efficiency of a gRNA at a specific DNA target can realistically only be experimentally determined. A number of technologies have been developed for screening gRNA efficiency and specificity, including both comprehensive technologies (NGS and GUIDE-Seq) and more simple methods (Surveyor assay and Fluorescent reporter assay 21, 26, 37, 38, 39 ). Additionally the genome editing efficiency is also affected by NHEJ (higher) and HDR (lower) DNA repair mechanisms. HDR efficiencies can be increased by varying the insert/donor size, modifying DNA donors with phosphorothioation and inhibition of NHEJ activity. 51 Recently, it was demonstrated that NHEJ can also be used to facilitate large DNA fragment (IRES-GFP) knock-in with higher efficiencies than HDR. 52 
Idealization of CRISPR-Cas9
Recent advances in different frontlines of CRISPRCas9 technology have opened up new avenues for further improvements in its specificity, efficiency, and genome coverage. The resolution of CRISPR-Cas9 crystal structures, especially using Cryo-EM technology to capture the CRISPR-Cas9/sgRNA/PAM-target DNA complex in action, provides details of its functional molecular mechanisms and the foundation for rational engineering of better CRISPR-Cas9. 23, 26, 28 A comprehensive biophysical model was also developed for optimizing genome editing and gene regulations of CRISPR-Cas9 activities. 43 However, most of the efforts for CRISPR-Cas9 improvement have been primarily focusing on a "one for all strategy": to make a "super" version of CRISPR-Cas9 suitable for all target DNA, a desirable goal that might not be realistically achievable. According to current CRISPR-Cas9 function models, the amino acids along the minor binding channel formed within the NUC lobe are critical for its specificity and efficiency. Several amino acids have been identified that affect the specificity of CRISPRCas9 activity by directly interacting with the corresponding nucleotides at defined positions of the nontarget protospacer DNA. It appears that for the nucleotides at each position of the protospacer DNA, there might be corresponding amino acids in the NUC minor binding channel with dominant interactions. This hypothesis is supported by the finding that variants of CRISPR-Cas9 with defined amino acid mutations showed different DSB efficiencies at both on-and off-target DNA sites. 21, 26 The gRNA that aims at the target DNA site whose nucleotide composition is balanced with the electric positivity along the minor binding channel of the NUC lobe would be most effective and specific. This explains why 2 gRNAs targeting adjacent target DNA sites showed different specificity and efficiency even though their genetic contexts are similar. 39 Therefore it is apparent that the nucleotide composition of the target protospacer DNA plays an essential role in both efficiency and specificity. Approximately there are 4EC20 possible permutations for a 20 nucleotide protospacer DNA and only a small portion of them could possibly be balanced or close to being balanced with the electric positivity of the minor binding channels of a given CRISPR-Cas9 NUC lobe. Thus it seems unrealistic to create a CRISPR-Cas9 variant suitable for every possible composition of protospacer DNA.
For any given nucleotide position of the target protospacer DNA duplex, there are 3 interacting forces: the first force is the hydrogen-bonds between the opposing nucleotides of the DNA duplex (Fxy); the second force is from the nucleotide of the corresponding gRNA (Fyz) and the third force (Fwx) is from 1 or more positively charged amino acids in the NUC minor binding channel (Fig. 1D) . 21, 26 The delicate balance of the 3 forces determines the fate of RNA-DNA heteroduplex formation. Because the gRNA and the target protospacer DNA interactions are predetermined by nucleotide composition, the only variable force is Fwx from the positively charged amino acids in the NUC minor binding channel. When Fwx is stronger, the non-target strand DNA would be pulled away harder from the DNA duplex, and the hydrogen bonds between the 2 protospacer DNA strands (Fxy) would become weaker, which would make it easier for the interrogating gRNA to displace the non-target strand DNA, consequently resulting in higher DSB efficiency. However if the Fwx is too strong, even the imperfectly matched gRNA could displace the nontarget strand DNA, which would cause compromised specificity and off-target activities. On the other hand, if the Fwx is too weak, even perfectly matched gRNA could not break the hydrogen bonds of DNA-DNA duplex, and the DSB efficiency would be compromised. Therefore the fine tuning of the 3 interacting forces would be the key to achieving both high specificity and efficiency. To do this, the interacting forces for each nucleotide position of the target protospacer DNA must be defined by systematic mutagenesis or alanine scanning and corresponding crystal structure analysis. Once all 3 forces are known, the amino acid positivity could be adjusted according to the target protospacer DNA sequences. Ultimately, a customized CRISPR-Cas9 tailored to each nucleotide position of a target protospacer DNA site could be created through site directed mutagenesis.
PAM determines the genome locations where the CRISPR-Cas9/gRNA complex could land and initiate DNA interrogation by gRNA. 23 The strict requirement of a special PAM sequence contributes to the DSB specificity but is also a primary factor restricting the genome editing frequency of a CRISPR-Cas9. Amino acids in the PI domains of both SpCas9 and SaCas9 have been identified to be responsible for PAM recognition. The longer the PAM sequences, the more corresponding amino acids of CRISPR-Cas9 are needed as revealed from both PAM binding sites of SpCas9 and SaCas9 (Fig. 1B and  C) . 23, 28 The SpCas9 that recognizes a 3 nucleotide PAM, NGG, requires 5 amino acids while SaCas9 that recognizes a 6 nucleotide PAM, NNGRRT, requires 7 interacting amino acids. More interestingly, alteration of the amino acids in the PI domain made the CRISPR-Cas9 recognize different PAM sequences with equal or better DSB activities. [33] [34] [35] Thus, it is also possible to engineer the CRISPR-Cas9 to recognize a novel PAM sequence at a desired target DNA location. With the knowledge of the CRISPR-Cas9 crystal structure in action and standardized site-directed mutagenesis protocols, it is feasible to custom design a CRISPR-Cas9 that can recognize a unique PAM sequence tailored to a specific DNA target and every target in a genome by alteration of the corresponding amino acids of the CRISPR-Cas9 PI domain to maximize the specificity and genome editing coverage.
In addition to customizing the NUC minor binding channel and PAM interacting amino acids, the CRISPR-Cas9 system could be further improved by shrinking its size. Current size of Cas9 sequences has limitations for clinically promising vectors, such as adeno-associated virus (AAV), which can only accomodate an insert size up to 4.5kb. The SpCas9 is about 4.2 kb in size, making it difficult to create the integrated Cas9-sgRNA AAV constructs. The SaCas9 that showed similar functional features as SpCas9, but is only about 3 kb in size, would allow more room for integration of both CRISPR-Cas9 and 1 or more sgRNAs into a single AAV vector. The crystal structures of both CRISPRCas9 proteins showed similar domain and structure configurations (Fig. 1B and C) , indicating there might be more non-essential sequences existing in the CRISPR-Cas9 sequences. Functional homology searches of SpCas9 using ConSurf and phylogenetic analysis, identified variants of CRISPR-Cas9 from 58 bacterial species that have similar function domains, but various homologies. 53, 54 SaCas9 is one of the most distant variants from SpCas9, sharing only 17% overall identity (Fig. 1E) . Although both CRISPR-Cas9s and others in alignment share discrete highly conserved stretches of sequences including RuvC-1 domain and the HNH domains, there are also stretches of regions that are low in homology and might be disposable (Fig. 1F) . 55 These variations strongly suggest that the CRISPR-Cas9s from different resources are structurally and functionally conserved, but vary at the level of amino acid sequences, which make it possible to design an artificial CRISPR-Cas9 with better function and smaller size.
To summarize, the medical potential of CRISPRCas9 technology could best be realized by employing customized variants to specifically suit the target DNA site. The ideal application process of genome editing in the future is proposed as below: 1) identify the desirable target DNA site; 2) determine the PAM sequence so that the protospacer sequence is unique to the genome of interest; 3) calculate the amino acid positivity of the NUC minor binding channel needed for each position of the protospacer sequence; 4) determine what amino acids in the minor binding channel of the NUC lobe need to be replaced with desirable amino acids for each nucleotide position of the target protospacer DNA; 5) engineer the template CRISPR-Cas9 to the desired amino acid sequence by site-directed mutagenesis or gene synthesis; 6) test the specificity and efficiency of different variants of CRISPR-Cas9 in vitro using different fluorescent reporters to select those with best efficiency and specificity; 7) test the activities of the candidate variants of CRISPR-Cas9 in vivo using desired animal models; 8) pre-clinical and clinical trials of the winning customized CRISPR-Cas9-gRNA complexes.
There is still a long way to go in order to reach the proposed status for CRISPR-Cas9 technology. But with the unparalleled enthusiasm from scientists in both structural and experimental biology as well as other related fields, it is entirely plausible to predict that the perfected version of the CRISPR-Cas9 is within reach.
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